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Abstract  
The nonlinear field contraction is a common feature for the second 
harmonic TE,, gyro-BWO. Besides, the electron transit angle is 
found to be applicable for the harmonic TE,' mode. The 
harmonic cyclotron interaction with an electron beam is found to 
be much more stable than the fundamental harmonic cyclotron 
interaction. 
Introduction 
The gyrotron backward-wave oscillator (gyro-BWO) is a 
promising source of coherent millimeter wave radiation based on 
the electron cyclotron maser instability' on a backward waveguide 
mode. The most appealing characteristic of the gyro-BWO is that 
its frequency can be tuned by adjusting either the magnetic field or 
the beam voltage, or both. Meanwhile, tapering the magnetic filed 
and interaction structure been found to significantly improve the 
efficiency of the gyro-HWO. However, the need for a high 
magnetic field limits its applicability as a millimeter-wave source. 
Researches have attempted to alleviate the high magnetic field 
requirements in harmonic operation [I]. The hamonic operation 
of the gyrotron has been widely used in gymmonotrons, 
gyro-klystron amplifiers and gyrotron traveling wave amplifiers 
(gyro-TWTs). The magnetic field is proportional to the relativistic 
electron cyclotron frequency, so the magnetic field of a gymtron 
operating at the s th cyclotron harmonic is nearly l /s  of that of 
a gymtron operating at the fundamental cyclotmn harmonic. 
Because of the weak beam-wave interaction, the gyrotron 
operating at harmonic cyclotron was found to produce higher 
power with improved stability [I]. 
This work studies the second harmonic TEtl gyro-BWO. The 
field profiles at various interaction lengths are analyzed to 
elucidate the saturated behavior of the gyro-BWO. The spurious 
oscillations may compete with the operating mode in the 
gymBW0, and thus the statt-oscillation conditions of the 
transverse modes (TE, modes) are examined. The high-order 
axial modes ( f > I )  of the m B W 0  may oscillate where the 
beam currents exceed the start-oscillation c m t s  of the modes. 
The electron transit angles of the axial modes are also considered. 
Moreover, the ability to lune the output power and oscillation 
frequency by adjusting the magnetic field and beam voltage is 
discussed. 
This study employs a nonlinear self-consistent code to analyze the 
gym-BWOs. This single-mode nonlinear code is based on the 
commonly used technique of steady-state particle tracking in a 
weakly non-uniform interaction s t r o c t u ~  The correctness and 
validity of the nonlinear code was demonstrated experimentally 
PI .  
Results and discussion 
A. Nonlinear field contraction 
Figure I displays the field profiles of the second harmonic TE,, 
gyro-BWO for a fixed beam current of I2 A. The simulated results 
show that the peak field amplitude increases with interaction 
length until the length reaches a certain value, called the relaxation 
length. The results are consistent with the results of Ref. 3. Since 
the bulk field is concentrated at the beam entrance due to 
backward-wave interaction, the spent electron beam with greater 
velocity spread barely contributes to the field. Therefore, the 
interaction length of the gyro-BWO need not be more than the 
relaxation length. Thus the interaction length of the gyro-BWO 
should devise as short as possible to prevent them from entering 
nonstationaty states and exhibiting spurious oscillations [4]. Hence, 
the interaction length ofthe gyro-BWO is assumed to be 7.2 cm in 
the following calculations. 
H. Statt-oscillation conditions of various transverse modes 
The competing "verse modes must be eluded in order to 
achieve a stable, single-mode operation of a gyro-HWO. The 
second harmonic TE,, gyro-BWO is most susceptible to the 
TE$ and TE$) modes. Figure 2 plots the start-oscillation 
current as a function of the magnetic field. The simulated results 
also reveal that the starr-oscillation currents of the spurious 
oscillations in the gyro-BWO are decreased significantly when the 
oscillation frequencies are close to the cutoff frequencies in the 
waveguide, Meanwhile, the magnetic field is between 7.2 and 7.9 
kG to m e  the frequency of the stable gyro-BWO when the beam 
current is 12 A. Below and beyond this limit, the oscillation could 
be unstable due to possible multi-mode competition. 
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Fig. 1: Field profiles of the m B W O  at I = 1 for the different 
interaction lengths 
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C. Electron transit angles of the axial modes 
The high-order axial modes may compete with the operating mode 
when the beam currents exceed the starkoscillation currents of the 
high-order modes. Figure 3 shows that the three lowest order axial 
modes of the gyro-BWO are obtained for different magnetic fields. 
The simulated results indicate that the higher order axial modes 
always require higher start-oscillation currents, independently of 
the magnetic field. The simulated results using the nonlinear 
self-consistent code are consistent with those using the linear 
theory. Meanwhile, the minimum start-oscillation current of the 
high-order axial modes in the gyro-BWO is 13.7 A [Fig. 31. 
Figures 4 and 5 plot the start-oscillation frequency and elecnon 
transit angle as functions of the magnetic field in the gyro-BWO. 
The cited study [4] has shown that the output wave power and 
deposited beam power balance each other at a minimum beam 
current where the axial mode has the same electron -sit angle. 
However, the axial modes have high electron transit angles when 
the gyro-BWO is operated at low magnetic fields (Fig. 5),  perhaps 
because the oscillations at low magnetic fields become absolute 
instabilities near the cutoff points in the interaction waveguide. 
D. Performance of the gyro-BWO 
Because of much weak beam-wave coupling in the harmonic 
interaction, the operating beam current of the second harmonic 
TE,, gyro-BWO requires a high value, 12 A. Figure 6 plots the 
variation of the output power and oscillation frequency as 
functions of the magnetic field at a beam current of 12 A. At this 
current value, stable operating magnetic field ranges from 7.2 to 
7.9 kG see Fig. 3. The maximum output power of the stable 
gyro-BWO is about I37 kW when the beam current is I2 A. 
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Fig. 2: Start-oscillation current versus magnetic field for the 
different transverse modes in the gyro-BWO 
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Fig. 3: Star-oscillation current versus magnetic field for the 
different axial modes in the gyro-BWO. 
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Fig. 4 Start-oscillation frequency versus magnetic field for the 
different axial modes in the gyro-BWO. 
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Fig. 5: Transit angle versus magnetic field for the different axial 
modes in the gyro-BWO. 
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Fig. 6: Output power and oscillation frequency versus magnetic 
field in the gyroBW0. 
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